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Study of Bulk and Elementary Screw
Dislocation Assisted Reverse Breakdown in
Low-Voltage 250 V) 4H-SIC pn Junction
Diodes—Part Il: Dynamic Breakdown Properties

Philip G. Neudeck Senior Member, IEEEand Christian Fazi

Abstract— This paper outlines the dynamic reverse- much less control of impurities, both intentional (shallow
breakdown characteristics of low-voltage £250 V) small-area - dopants) and unintentional, in SiC crystals than is routinely
<5 x 107 cm’) 4H-SIiC p'n diodes subjected to nonadiabalic 4yainaple in silicon wafers. If SiC high-power electronics are
breakdown-bias pulsewidths ranging from 0.1 to 20us. 4H-SiC . . . S -
diodes with and without elementary screw dislocations exhibited 0 € incorporated in many high-power applications in the
positive temperature coefficient of breakdown voltage and near-future, SiC power devices will have to achieve reliable
high junction failure power densities approximately five times operation and large SOA despite the presence of crystal
larger than the average failure power density of reliable gjsiocation defects and residual impurities in concentrations

silicon pn rectifiers. This result indicates that highly reliable . .
low-voltage SiC rectifiers may be attainable despite the presence that are generally not acceptable for silicon solid-state power

of elementary screw dislocations. However, the impact of devices. 3 ' .
elementary screw dislocations on other more useful 4H-SiIC  Many years of silicon power device experience has shown

power device structures, such as high-voltage (1 kV) pn that the operational reliability of a semiconductor high-power
junction and Schottky rectifiers, and bipolar gain devices o iifier is closely related to its reverse-breakdown char-
(thyristors, IGBT's, etc.) remains to be investigated. .. . . . L

o _ _ acteristics. Silicon power devices that uniformly distribute

Index TefmS—Pf—N junctions, power Se_m'condUkCtor d'OFlll_eSr breakdown current over the entire junction area exhibit greater
zgmligcénductor defects, semiconductor device breakdown, silicon o jiapijity than silicon devices that manifest localized break-
' down behavior [2]-[5]. This is because silicon devices that
avoid localized junction breakdown exhibit larger safe op-

I. INTRODUCTION erating areas and can much better withstand repeated fast-

S discussed in the introduction of Part | [1], it isswitching stresses and transient overvoltage glitches that arise

important that SiC power devices exhibit good reliabilityn high-power systems. Positive temperature coefficient of

that is comparable to the reliability of present-day silicorPreakdown voltage (PTCBV), a standard behavior in silicon
based power electronics. SiC power devices must demonsti@wer devices free of crystal dislocation defects, helps insure
superior safe operating area (SOA) and immunity to switchirigat current flow is distributed uniformly throughout a de-
and overvoltage stresses as silicon power devices before thigg, instead of concentrated at high-current-density filaments.
can be considered reliable for applications in high-power syéthen subjected to transient breakdown or switching bias
tems. Large SOA is achieved primarily in silicon that is totallgonditions in which voltage and current are simultaneously
free of dislocation defects and has a minimum of undesiréatge, PTCBV enables silicon power rectifiers to uniformly
electrically active impurities. However, SiC electrical materialissipate high-power densities for short periods of time without
quality is arguably decades behind the excellent quality afy point in the device reaching a critical temperature that
silicon used to manufacture present-day high-power solid-staésults in permanent junction damage or failure. It is generally
electronics. As discussed in Part | [1], almost all large curreatcepted that power rectifier SOA and reliability increases with
(>1 A) SiC power devices manufactured on commercial Siidcreasing semiconductor junction energy to fail.
wafers are virtually guaranteed to contain elementary screwif a semiconductor diode has a negative temperature coef-
dislocations for the foreseeable future. Furthermore, therefisient of breakdown voltage (NTCBV), any localized tem-
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localized breakdown, often due to the presence of crystB), is often set to the semiconductor Debye temperaise
dislocation defects, do not generally exhibit sufficient energyhe theoreticalPp versust curve calculated by Wunsch and
to fail characteristics to be considered reliable for use in maBgell [6] for silicon usingp = 2.33 g/lcm?, C,, = 0.7566 J/gm-
high-power systems. K, Kk =0.526 Wicm-K, T; =298 K, T}, = Tp = 948 K is
Similar to silicon, reverse breakdown properties greatly —1/2 9 o .
influence the operational reliability of SiC high-power devices.PD = 1109[t(:s)] kwiem®  {Silicon Theoreticg. (2)

The stabilizing propertie_s of.I.DTCBV and uniform br(_eakdowwunsch and Bell found that (1) reasonably approximates
may, as was the case with silicon, prove particularly importaffe general junction failure behavior of a wide variety of
for high-power switching applications in which SiC is gyperimental silicon rectifiers. However, the experimentally
candidate semiconductor for operating at much higher voltag§isserved best fit to th@), versust curve they observed for

and power densities than employed in present-day silicogliicon rectifier diodes actually followed the equation [6]:
based power devices. There have been a number of interesting

investigations of dc properties of SiC breakdown, including Pp = 560[t(1s)] '/ kW/cm?  {Silicon Experimenta

Part | of this work [1]. However, because most solid-state (3)
power devices are employed in switching circuits, transient

measurements of device switching and breakdown genera\WiCh lies somewhat below the theoretical calculation (2).
yield better insight into device physics that will be encountere®ilicon experimental studies also indicate that pulse shape does
in many real-world power system circuits. This paper detai¥t significantly change experimental device failure power
transient breakdown and junction energy to fail measuremefgsities, so that average power density may be used as a good
conducted on the low-voltage 4H-SiC"p junction diodes approximation when diode voltage and/or current waveforms

whose dc characteristics were described in Part | [1]. are nonconstant over the pulse duration [3].
If current flow is focused through junction hotspots or

defects, the effective power density, which is normalized to
the total junction area instead of the hotspot junction area, will

One method of measuring important rectifier junction reldecrease accordingly. For example, if current flow is focused
ability properties is to subject a diode to high-voltage pulsgsrough hotspots so that most of the current flows through
that momentarily bias the device beyond its reverse breakdowgfily 10% of the total junction area, the theoretical silidén

voltage. Reverse bias is usually more susceptable to electrigglsust approximation (2) shifts downward to [6]
failure than forward bias. As high breakdown current is

drawn at high applied voltage, a large breakdown power  Fp =110.9[t(us)] /% kwicn?
is dissipated at the junction which quickly heats up the {Silicon 10% Hotspot Theoretical 4

device. By monitoring the transient device voltagét) and ) ] )
current I(¢) as the device heats during the pulse, the Siél;pus, localized breakdown can seriously reduce the failure

of the temperature coefficient of breakdown voltage can G8€9Y Of a device with a specified voltage and current rating,
determined as positive or negative. Pulses of increasing eneffjjch in turn can adversely affect the operational reliability
(i.e., increasing amplitude and/or duration) are applied ona‘o'l‘d_ S,OA' i ) .
single-shot basis until a pulse causes the device to heat beyong/Milar to the above first-order calculations for silicon
a critical failure temperaturd,,. Beyond the critical failure rectifiers, theoreticalPp, versust failure characteristics of

temperature, the device suffers permanent physical dam&geSIC rectifiers can be estimated using basic SiC material
that compromises the diode electrical behavior. properties. While specific heat and thermal conductivity are

For short pulse durations between 0.1 and;20n length both functions of temperature, their temperature dependence
heat flow occurs almost exclusively from the junction i’nt(f)‘as not been taken into account in these first-order calculations.

the bulk semiconductor wafer; heat flow from the substrate f&/rthermore, there is inconsistency between the few SiC
the package is essentially negligible on this timescale. Wund@grmal properties that have been reported in the scientific
and Bell [6] derived a general first-order approximation for thiferature. Nevertheless, basic "best-case” and "worst-case”
junction power density?;, (kW/cn?) applied over time t/s) combinations of thermal conductivity and specific heat can

necessary for a device to reach a critical failure temperatde c@lculated to roughly estimate upper and lower theoretical
T,,, from an initial starting temperature limits on the junction failure power densities that might be ob-

served in defect-free 4H-SIC junctions. For both calculations,
Pp = \/7kpCp[Ty, — T;]t~Y/? kW/em? (1) p=32gmlen®, T; = 298 K, and T,,, = Tpp = 1120 K [7]
were used. The worst-case specific hegt= 0.3 J/gm-K at
wherer is the thermal conductivity (W/cm-K} is the density 300 K is calculated using the simple Debye model described
(g/cn?), and C,, is the specific heat of the semiconductopy Kittel [8]. A worst-case 4H-SiC thermal conductivity= 2
(J/gm-K). One choice fofZ}, is the temperature at whichw/cm-K is chosen based on measurements recently reported
intrinsic carriers exceed the junction doping leading to secopsl [9]. Combined into relation (1) these worst-case material

breakdown [2]. Metal-semiconductor contact degradation cadnstants yield &, versust relationship for 4H-SiC of
also limit the peak temperature a device can withstand without

damage. For more general first-order calculations that are £p =2014[t(us)] ™/
independent of the junction doping and contact metallization, kW/cm?® {SiC Worst Case Theoretidal (5)

Il. BACKGROUND
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Even using worst-case material constants, the theoretical fai g s
ure power density level of SiC diodes is more than twice the o Enilure Poinis
silicon experimental rectifier failure power density (3). b '
The best-case thermal conductivity= 4.9 W/cm-K was
chosen from Slack’s measurements of 6H-SiC at 300 K [10]
The work of Zywietzet al. [7] suggests that the specific heat
of 4H-SiC does not increase much beyarig= 1.0 J/gm-K
at temperatures above 600 K. Using these thermal paramete
the best-case first-order estimation®# versust becomes

e
Pp = 5755[¢(8)] "2 KWicn? PR Epmm Pee

{SiC Best Case Theoretidal (6) . | 2080 i |

which is more than ten times the experimentally observed
silicon failure power density. Fig. 1. Optical micrograph of two 4H-SiC mesa p diodes following

In Part | [1] it was noted that localized 4H-SiC breakgevice failure during pulse-breakdown testing carried out on unpackaged
devices on a probing station. In both diodes, junction failure points are

down microplasmas arising at elementary screw dislocatiog)garly visible in the central mesa regions. Probe contact splotches in the
accounted for less than 1% of the total junction area. If afletal mark where probe tips contacted each device. The multiple splotches
breakdown current flowed through elementary screw dislocgi‘-the left-hand device are a result of multiple re-positioning of the probe tip

. . . during pulse-testing. The left-hand device contact shows evidence of contact
tion defects (i.e., no bulk breakdown current), the effectivgey melting.

power density normalized to the total junction area could

correspondingly plummet by more than a factor of 100. Thisctation equipped with coaxial probes. For pulse durations of

would shift even the best-case SiC theoretical failure POWRI < than o 5us, the charge-line circuit described in [12]

density (6) to low levels considered unacceptable for S”iC(Was employed to apply pulses and measure device voltage

power devices Vp(t) and currenf p(¢) transient response. Longer bias pulses
Py :57'5[““5)]_1/2 KW/em? were supplied by a Velonex Model 350 pulse generator.
. . Devices were subjected to manually triggered single-shot
g
{SiC 1% Hotspot Theoreticgl (7) pulses of increasing pulse amplitudes and/or widths until

Because bulk breakdown current becomes dominant odi§vice failure occurred. Between pulses, deviceV’ was
microplasma current at larger reverse biases (Part | [1 Fig. ﬁegked for degradation using a standard 60 Hz curve-tracer.
(7) is strictly a worst-case hypothetical analysis that doesi€Vice failure was observed by sudden changes in/gi@)
seem to apply to the experimental devices of this study whi@hd Vn(?) response (decreased surge impedance), degradation
contained elementary screw dislocations. However, the Id{l the curve-tracer measureld-V', and physical changes in
failure power level of (7) may well apply to any 4H-sicdevice appearance observed with the probe station microscope.

devices where highly localized breakdown does cause physiP4Vices were sometimes tested immersed in Fluorinert FC-77
device failure prior to the onset of bulk breakdown, as is likell}3] 10 reduce the possibility of edge-related surface flashover

to be the case with diodes containing micropipe defects. 14], Wh”? OthefS_Were _tested ir_l air. o
Theoretical relations (2)—(7) are plotted later in Fig. 4 for Post-failure optical microscopic examination was carefully

reference to experimental data presented in the followir‘?t]?nd“Cte_d on each damaged device. A few devices exhibited
section. clear evidence of surface flashover failure near the mesa

periphery. A few other devices were totally obliterated similar
to what is depicted in [15]. However, strong evidence of bulk
junction failure was seen in the majority of diodes tested, as
Prior to breakdown-bias pulse-testing, ohmic contacts weplysical contact and mesa damage was confined to near-central
deposited onto the epitaxial mesa-isolated 4H-SI@ junc- regions of the device mesa away from the mesa edge and
tion diodes (n-doping betweeh5 x 10'7—1.5 x 10'® cm~3) often away from where the probe tip contacted the diode. Two
described in Part | [1]. Nickel annealed at 100D for 5 min examples of such diode damage are shown in Fig. 1. While
in an argon tube furnace served as a backside contact, whileeaidence of contact melting, such as the left-hand device in
unannealed 308 Al/1000 A Ti/2000 A Al sandwich patterned Fig. 1, was observed on some failed devices, there was no
by liftoff provided good ohmic contact to the degeneratelgbvious trend to indicate that observed diode failure energy
doped g~ cap epilayer. was limited by contacts. For contacts to cause initial failure
The presence or absence of screw dislocations in indivig- the near-central regions of devices, molten metal would
ual devices was conclusively determined by examination néed to migrate through nearly;dm of p* SiC [1, Fig. 1] in
reverse current—voltagd { V') properties as demonstrated irmicrosecond timespans to reach the high-field junction, which
[11]. A total of 17 circular diodes varying in size from 100 tas seemingly unlikely given the notoriously low reactivity and
250 um in diameter were pulse-tested into failure, 6 of whicklow impurity diffusion rates of SiC below 2000 K.
contained no elementary screw dislocations. Devices wereFigs. 2 and 3 show four selected transientsigf(¢) and
pulse tested on-wafer in near-dark conditions on a probidg(t) data observed on two 2Q0m diameter devices as bias-

Ill. EXPERIMENT
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pulse amplitude was increased. While both of these devices 300
contained elementary screw dislocations and both were pulse- .
tested while immersed in Fluorinert, the important behaviors 250 [
shown in Figs. 2 and 3 are consistent with test results of screw- :
dislocation free diodes as well as diodes tested in air ambient 200 ¢
without Fluorinert immersion. s C
The Fig. 2 single-shot bias pulses were applied using the % 150 |
transmission line pulse-generation circuit [12] to a device that 5 E A
exhibited microplasmic breakdown at 80 V and bulk break- = 100 ¢ T
down at 93 V. While the 90 V amplitude of bias Pulse 1 in .
Fig. 2 should have been sufficient to draw many milliamps of 50t
microplasmic breakdown current, the microplasmic breakdown .
currents nevertheless were below the 50 mA resolution of the O e
transformer used to measure current in the pulse-testing setup. [
Thus for all diodes tested (regardless of screw-dislocation 8l jariad g
content), pulse-breakdown current was only observed when i ’(
the bias pulse amplitude exceeded the dc-measured bulk 5 I
breakdown voltage. NTCBV behavior is exhibited over the < 3 R
entire duration of Pulse 2, in that device voltage decreases < [
while current increases as the device self-heats. The NTCBV s 4
trend is apparent for the initial stages of Pulses 3 and 4, but © L \ 1
this trend changes to PTCBYV behavior as the device self heats 2| T AN
beyond 0.2us. At ¢ = 0.44 us into Pulse 4, the device fails [ "“-«
as evidenced by the onset of a sharp current increase coupled 0 Erncmd 1 N ]
with voltage collapse prior to the falling edge of the @$bias i

i ; : 01 0 01 02 03 04 05 06
pulse. Curve-tracer characterization immediately following the

pulse confirmed the device failed to a resistive short-circuit Time (us)
during Pulse 4. An average device power densfly was Fig. 2. Four selected voltage,(t) and currentlp(t) pulse-breakdown
calculated by averagin@(t) = Vp(¢)Ip(t) over the pulse transients observed on a 2p@a diameter diode as a function increasing
prior to failure and dividing by the total junction area. Thu§-5#s bias-pulse amplitude. The diode fails 0/4d into Pulse 4.
the device withstood an average power denstyy of 4.17
MW/cm? over a period of 0.44us in Fig. 2, which is one  The experimentally observed failure data points plotted in
of the experimental data points plotted later in Fig. 4. Pogtig. 4 are consistent with the!/? behavior predicted by (1).
failure analysis of this device indicated physical damage in tA&e fit to the experimental data
near-central device region, with no evidence of edge-related Pp :2800[t(us)]_1/2 KW/cn?
breakdown failure. {4H-SiC Experimentd) (8)
Very similar results from longer bias pulses generated by the
Velonex pulser are displayed in Fig. 3, as the same trendfafls between the theoretical 4H-SiC limits approximated in
initial NTCBYV followed by PTCBYV is observed prior to device(5) and (6). Thus, these 4H-SiC parts can withstand pulse
failure. The device of Fig. 3, which exhibited bulk breakdowbreakdown power densities approximately five times the power
at 132 V, failed 5us into Pulse 4 under an average powedensity that silicon diodes typically withstand before junction
density PD of 1.26 MW/crh failure is reached. The power density (8) is also about 50%
Fig. 4 shows all experimentally’, versust failure data greater than pulse breakdown power densities observed for
points collected in this study on devices whose dc-measur@d—SiC pn diodes in [16], [17]. It is important to note that the
bulk breakdown voltages ranged from 70-220 V due to #H-SiC data of Fig. 4 indicates that the presence or absence of
layer doping variation across the wafer. Previously discusselgémentary screw dislocations from a diode had no significant
relations (2)—(8) are also plotted in Fig. 4 for reference tmpact on the reverse failure energy of these low-voltage
experimental data. Diamond symbols on the plot represefi—SiC diodes. Devices with and without screw dislocations
devices that clearly exhibited bulk failure where exact failurexhibited comparable failure power densities to within the
times and power densities could be directly inferred fromange of experimental scatter shown in Fig. 4.
the Vp(t) and Ip(¢) traces. Triangles represent data points An initial repetitive breakdown stress test was conducted
that were collected from pulses in which a diode did not fadn a 120 V (bulk breakdown) 10pm diode with elemen-
(failure occurred during a subsequent pulse), or from pulsesy screw dislocations. The device was subjected tpsl
where the diode failure occurred at the edge of a device mégt0 kWicn? breakdown-bias pulses at a 2 Hz repetition rate
presumably due to surface flashover. Devices that containedfonl16 h. While this resulted in significant changes to the phys-
screw dislocations are denoted by open symbols, while filléchl appearance of the top ohmic contact metallization, there
symbols represent data collected from devices that containegls no measurable change in junction reverse leakage and
at least one screw dislocation. breakdown properties following this test. Further stress tests
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© Lo \3‘%%___‘__ screw dislocation content, as was observed. At the maximum
. A nonadiabatic pulsewidth of 20s, relation (5) yields a worst-
i’ S ] . . .
i h“ s BN case breakdown failure power density of 450 kWAcrfihis
ok TR power density is well above the 150 kW/énfocal power
L. S TS DU PR PO density (estimated in Part | [1]) of a typical microplasmau(8
o 1 2 3 4 5 6 radius) just prior to the onset of bulk junction breakdown. As
Time (us) voltage is further increased, dc measurements ([1], Figs. 3 and

_ ) 5]) indicate that bulk breakdown current initially increases at
Fig. 3. Four selected voltage,(¢) and currentl(t) pulse-breakdown L .
transients observed on a 200a diameter diode as a function increasings- & Much faster rate than the space-charge limited microplasma

bias-pulse amplitude. The diode fails;& into Pulse 4. current. From Relation (3) derived in Part | [1], one can
approximate a 3:m radius breakdown microplasma power
1O density Pp,, (normalized to microplasma area) as a function
: ] of applied reverse-bia¥x by

§ Pp, =JnVr =283(Van — 3)*Vg
S 10} | =~2.83(Vg — V,.)?Ve W /cm® 9)
g b & (6) 4H-SiC Theory
a J <€ (8) 4F1SiC Measured whereV,, is the microplasma turn-on voltage. At appreciable
g X &= (5) 4H-SiC Theory breakdown currents, the calculated microplasma power density
T 10°} Q“@S‘T‘W’Y (9) is significantly smaller than the average power density
é <€ (3) Si Measured (normalized to the entire device area) dissipated during pulse
w

- et (51 10% Theory measurements. For example, the 200- diameter device

1O L i NS (1) 4HUSIC 19 Theory tested in Fig. 2 roughly withstands 130 V at 6 A during
0.1 1 10 100 Pulse 3, corresponding to an instantaneous power density of
Pulse Duration (us) 2.48 MW/cnt. Using theV,, = 80 V microplasma turn on

Fig. 4. Average failure power densit);, versus bias-pulse duratianfor voltage observed for the device, Relation (9)Vat = 1;0 v
device reverse breakdown failure. Experimental data points for NASA 4H-s@valuates to 0.92 MW/ct Thus, dc-measured properties sug-
driOde Sanrp'e 1905-4 are F;'Otteld a'ongdWith WU“SCE—BG" exﬂefim?”tal f;‘)gést that bulk breakdown current should dominate the power
theoretical approximations for silicon and 4H-SiC. The parenthetical num . . . . -
labels at the right of the graph correspond to equation numbers cited éi%nSIty and local junCt.IOI’l temperature of these devices du”n_g
discussed in the text. pulse-breakdown testing. Furthermore, the apparent domi-
nance of bulk breakdown current over space-charge limited

. . ... microplasma current predicts that PTCBV would be measured
are planned to more fully ascertain the functional limitations . . )

. i ) In transient pulse-breakdown experiments, even if elementary
of these diodes under repetitive breakdown-bias stress.

screw dislocation defects exhibited localized NTCBV behavior
as recent measurements of ionization coefficients at 4H-SiC
crystal defect sites seem to indicate [18].

Extrapolations of dc breakdown properties presented in ParfTo what degree the experimental results of this paper apply
I [1] suggest that the pulse-failure power density of these lowe other SiC device structures remains to be ascertained.
voltage diodes should be largely independent of the element&ile screw dislocations were not explicitly considered in

IV. ANALYSIS AND DISCUSSION
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pulse breakdown testing of 400 V pn diodes in [16], [17]lose to the time where maximum pulse current was measured
the 6H-SIC devices tested were sufficiently large (atea in the highest-current pulsegy(= 0.2 us for Fig. 2 and
5.19 x 1072 cm?) that elementary screw dislocations wer®.35 s for Fig. 3), while open symbols use to chosen near the
almost certainly present. The existence and properties esfd of the pulses when device temperatures were as large as
localized breakdown microplasmas in high-voltagel (kV) possible {; = 0.42 us for Fig. 2 andtg = 4.9 us for Fig. 3).
SiC devices has not been reported to date. Previous silicbme apparent knee voltages in Fig. 5 are consistent with
experience suggests that microplasma current is relativéie onset of dc-measured bulk breakdown for these devices.
insensitive to junction width and doping [19]. Therefore, iThe minimum effective series resistances calculated from the
is conceivable that the power density of localized 4H-Si€mallertq /—V’s in Fig. 5 are around 7 and 1®. Based
current filaments may greatly increase as SiC device blocking 8.5 and 5 A maximum currents, the averdge resistive
voltage is increased to 1 kV or 10 kV envisioned for mangower losses for the largest pulses calculate to no more than
high-power applications. As a hypothetical example, if a 5 k80 W for the largest pulses of Figs. 2 and 3. Normalized to
4H-SiC pn diode exhibited @m radius microplasma turn- device area3.14 x 10~* cm?), the resistive power dissipation
on behavior according to (9) at 98% of the bulk breakdowestimates to less than 200 kW/génwell below the average
voltage (i.e.,V,, = 4.9 kV), a screw dislocation would have topower density of the largest pulses of Figs. 2 and 3 (4.17 and
dissipate 142 MW/cr prior the onset of bulk breakdown.1.26 MW/cn?). This indicates that the vast majority of power
This power level is over an order of magnitude in excess dissipated at the metallurgical pn junction during the initial
of even the most optimistic 4H-SiC failure power densitgtages of the bias pulse, not at resistive losses elsewhere in
predicted by (6) for appreciable pulsewidths greater thdhne device.
0.1 pus. This prediction is based on unproven assumptions,The Fig. 5/—V’s constructed withtqg chosen near the end
which future data could either verify or refute. Neverthelessf the Figs. 2 and 3 pulsewidths (unfilled symbols) show
it emphasizes the strong need to study localized breakdowery pronounced self-heating effects. The decreased current
related to elementary screw dislocations in higher-voltaged increased voltage near the end of the pulses arise from
4H-SIC pn junctions. These studies should also be extendemne unknown combination of increased breakdown knee
to other silicon carbide device topologies, which in silicomoltage and increased diode series resistance at high internal
experience have proven more susceptible to failure than gevice temperature. The relatively small temperature coeffi-
junctions [5], such as SiC Schottky barrier rectifiers ancient of breakdown voltage observed at dc in [1, Fig. 5]
SiC bipolar amplification devices like BJT's, thyristors andless than 3 V from 298 to 673 K) suggests that increased
IGBT's. Localized breakdown and damaging failure at nordevice series resistance with increasing device temperature
micropipe crystal defects in lightly-doped 4H— and 6H-Si@ay be controlling pulse breakdowiit) and V' (¢) character-
Schottky junctions has very recently been observed in [18tics to a greater degree than actual increase in breakdown
While this work suggests the possibility that these crystabltage of the junction with temperature. Under the Wun-
defects might be elementary screw dislocations, the crystath—Bell failure model, the junction temperatures of both
lographic structure of the defects responsible for failure wélse Figs. 2 and 3 devices should be comparable (i.e., both
not ascertained. close to7,,) near the ends of pulses whose amplitudes are
Domeij et al. [20] recently studied dynamic avalancheclose to the failure pulse amplitude. Therefore, differences
during reverse recovery turn-off in high-voltage-i kV) in breakdown voltage with temperature do not appear to
4H-SIC pin diodes. They observed a maximum power dens#yplain the significantly larger percentage decreases in current
of 1.7 MW/cn? dissipated over~0.2 ps prior to device typical for longer duration pulses. However, experimental
failure, well below the 6.3 MW/crh measured for 0.2:s observations are perhaps consistent with a basic physical
pulsewidths in our low-voltage 4H-SIiC diodes. While thargument that more of the semiconductor regions outside the
high-voltage 4H-SIiC pin devices in [20] appear to hav@nction that contribute to device series resistance will be
been compromised by nonideal perimeter edge terminatidmtter, and therefore more resistive, for the longer duration
no information was given as to the presence or absencepoises.
elementary screw dislocations. The device size was largeComplete physical understanding of the 4H-SiC pn junction
enough that elementary screw dislocations were probaliseakdown process will require further more-detailed mea-
present. In order to refute or confirm the theoretical discussisarements and analysis coupled with thermal and electrical
presented in the previous paragraph, it is very important thabdeling beyond the scope of the present study. The diffi-
future experimental studies of energy to fail and SOA in higleulty of decoupling device series resistance from breakdown
voltage SiC devices conclusively ascertain the presencevoitage knee over the duration of a bias pulse makes precise
absence of elementary screw dislocations. estimation of temperature coefficient of breakdown voltage
It is informative to construct a device’-V characteristic somewhat problematic. Likewise, estimation of junction tem-
from measured pulse data. This can be done by choosingexratures at various times during a pulse is also dependent
constant timeto, and plotting I (to) versusVp(to) for a upon one’s choice of reported 4H-SiC thermal properties
series of increasing-amplitude pulses recorded on a particyBl. For instance, the maximum junction temperature esti-
device.I—V’s constructed from all pulses recorded on the 20fated from (1) using failure data of the best experimental
um diameter devices of Figs. 2 and 3 are shown in Fig. Biode (P5 = 6.28 MW/cm?,¢ = 0.5 us) is either 2110 K or
Solid symbols represent—V’s constructed by choosing, 930 K, depending upon whether “worst-case” or “best-case”
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4H-SIiC thermal properties [see previous discussion relating V. CONCLUSION

to (5) and (6)] are employed in the calculation. Given that yyhjle not necessary for all applications, excellent break-
carrier mobility in 4H-SiC decreases &s'* due to phonon oy reliability and iarge SOA are key requirements of
scattering [21], large (perhaps on the order ok}0ncreases many operational high-power solid-state devices. For the first
in device series resistance are plausible for this temperatyfge " this work has quantified the pulse-breakdown failure
range, more than adequate to explain experimentally obserygd 4 cteristics of low-voltage 4H-SiCtp junction diodes.
voltage increases and current decreases recorded during Ppls&iive temperature coefficient of breakdown was observed
testing. The experimental results reported here will hopefully, gevices with and without elementary screw dislocations as
serve as an initial guide .for th_e development of general WRirge as 250um in diameter. Good agreement with classic
dimensional and three-dimensional computer models capainsch-Bell thermal junction failure theory was experimen-
of accurately predicting breakdown behavior and SOA @kl observed. The 4H-SIC diodes exhibited pulse-breakdown

various 4H-SiC device topologies. o failure power densities approximately five times greater than
It is important to note that most transients in Figs. 2 andgyical failure power densities of silicon rectifiers. The pres-
exhibit initial NTCBV, followed by subsequent PTCBV as thence or absence of elementary screw dislocation defects did
pulse progresses. Furthermore, the time into the pulse at whight significantly impact the failure power densities of these
the device transitions from NTCBV to PTCBV decreases ggices, a result consistent with extrapolations of dc-measured
pulse power is increased. This general trend was observedyiflk and microplasmic breakdown properties. However, this
devices with and without elementary screw dislocation defectgg |t may not hold for other 4H-SiC device structures that
and is consistent with pulse-breakdown results previousbgntain elementary screw dislocations, as there is some indi-
obtained in low-voltage 6H-SIC pn junction diodes [22]yect evidence to suggest that higher-voltage 4H-SiC devices
[23]. Such behavior is consistent with previously proposggay he more susceptible to damage arising from localized
models which suggest that stable pulse-breakdown behaviggakdown at elementary screw dislocation defects. There is
with PTCBV will not be observed until the vast majoritysyrong motivation to definitively investigate the impact of
frozen-out dopants and deep levels ionize some finite tiMgmentary screw dislocations on various high-voltage 4H-SiC

following the rising edge of the breakdown-bias pulse [12}jeyice topologies being developed for use in solid state power
[24]. In contrast to the unstable 4H-SiC devices describednyersion and control electronics.

in [12], [24], [25], these devices seem to be “conditionally
stable” [24] in that they appear to self-heat to stability before
a destructive current density is reached anywhere in a device. _
We speculate that increased self-heating arising from increased "€ authors would like to gratefully acknowledge the as-
power density accelerates the emission of carriers from frozé#stance of D. J. Larkin, J. A. Powell, C. Salupo, G. Beheim,
out dopants and/or deep levels, enabling stable breakdowr€YS: A. Trunek, and J. Heisler of NASA Lewis Research
(i.e., PTCBV) to be reached at shorter intervals following bids€nter-
application. The timescales at which PTCBYV is reached are of
the same order of magnitude as theoretically predicted in [26].

Finally, it is worth pointing out that the highly unsta- [1] P. G. Neudeck, W. Huang, and M. Dudley, “Study of bulk and
ble breakdown reported in [12], [24], [25] may well have elementary screw dislocation assisted reverse breakdown in low-voltage
arisen due to unusually high incorporation of unintentional (Tfaznio \Ell)eﬁ;';f'geﬂcne's;’ﬁig“ggu‘g?ifzfsa_rzgfc propertied£EE
impurities (revealed by subsequent SIMS analysis) duringe] S. M. Sze,Physics of Semiconductor Devigeznd ed. New York:
junction epilayer growth. The excess impurities, which ar?\H Wiley, 1981.

t

ACKNOWLEDGMENT

REFERENCES

. 3], B. J. Baliga,Modern Power Deviceslst ed. New York: Wiley, 1987.
speculated to have been a source of excess carriers thgt L. w. Ricketts, J. E. Bridges, and J. Milett&MP Radiation and

destabilized fast-risetime pulse-breakdown, appear to have Protective Techniques New York: Wiley, 1976.

: : _ : 5] R. N. Ghose, EMP Environment and System Hardness Design
arisen from a nonoptimal two-step epilayer growth procesé, Gainesville, VA: D. White Consultants, 1984,

in which the respective p-type and n-type 4H-SiC epilayergs] D. C. Wunsch and R. R. Bell, “Determination of threshold failure levels
were grown during totally separate CVD growth runs. The pn  of semiconductor diodes and transistors due to pulse volta¢fe&F

. . . . . . . Trans. Nucl. Scj.vol. 15, pp. 244-259, June 1968.
junction diodes discussed in this paper were produced dU”fIQ] A. Zywietz, K. Karch, and F. Bechstedt, “Influence of polytypism on

one continuous epilayer growth run, and exhibit far fewer thermal properties of silicon carbidePhys. Rev. Bvol. 54, no. 3, pp.
unintentional impurities when examined by SIMS. While many, = 1791-1798, 1996.

. . . . gS] C. Kittel, Introduction to Solid State Physic6th ed. New York: John,
more experiments are required to establish definitive trends, |, 198s.

the experimental results of this paper and [27] are probablp] V. F. Tsvetkov, R. C. Glass, D. Henshall, D. A. Asbury, and C. H.

; _ e iirinai~  Carter, Jr., “SiC seeded Boule growth,” Materials Science Forum
more representative of the pU|Se breakdown behavior intrinsic vol. 264-268,Silicon Carbide, lll-Nitrides, and Related Material&.

to high-quality 4H-SiC pn diodes than highly unstable pulse- Pensl, H. Morkoc, B. Monemar, and E. Janzen, Eds. Switzerland:
breakdown behavior reported in [12], [24], [25]. Trans. Tech, 1998, pp. 3-8.

o s G. A. Slack,J. Appl. Phys.vol. 35, no. 12, p. 3460, 1964.
Nevertheless, the ability of fast-risetime pulse measureme P. G. Neudeck, W. Huang, and M. Dudiey, “Breakdown degradation

to reveal undesirable switching instabilities indicates that associated with elementary screw dislocations in 4H-Si@ junction
pulse-testing should pIay an important role in the develop- rectifiers,” in Mater. Res. Soc. Symp. Prpeol. 483, Power Semicon-

. Lo i . . . ductor Materials and DevicesS. J. Pearton, R. J. Shul, E. Wolfgang,
ment, testing, and reliability qualification of high-power SiIC = faop and s. Tenconi Edi. Warrendale. Riater. Res. Soclgggg g

electronic components. pp. 285-294.



492

[12]

[13]
[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 46, NO. 3, MARCH 1999

P. G. Neudeck and C. Fazi, “High-field fast-risetime pulse failures in
4H- and 6H-SiC pn junction diodes]! Appl. Phys.vol. 80, no. 2, pp.
1219-1225, 1996.

FluorinerfM, 3M Company, St. Paul, MN.

G. Gradinaru, V. P. Madangarli, and T. S. Sudarshan, “The influence
of the semiconductor and dielectric properties on surface flashover [25]
silicon-dielectric systems,|[EEE Trans. Electron Devicewvol. 41, pp.
1233-1238, July 1994.

P. G. Neudeck, D. J. Larkin, J. A. Powell, L. G. Matus, and C. S.
Salupo, “2000 V 6H-SIC p-n junction diodes grown by chemical vapor
deposition,”Appl. Phys. Lett.vol. 64, no. 11, pp. 1386-1388, 1994. [26]
J. A. Edmond, D. G. Waltz, S. Brueckner, H.-S. Kong, J. W. Palmour,
and C. H. Carter, Jr., “High temperature rectifiers in 6H-silicon carbide,”

in Trans. 1st Int. High Temperature Electron. Comflbuguerque, NM,

1991, pp. 207-212.

J. W. Palmour, J. A. Edmond, H. S. Kong, and C. H. Carter, Jr[27]
“Applications for 6H-silicon carbide devices,” @pringer Proc. Phys.

vol. 71, Amorphous and Crystalline Silicon Carbide,I\Z. Y. Yang,

M. M. Rahman, and G. L. Harris, Eds. Berlin—Heidelberg, Germany:
Springer-Verlag, 1992, pp. 289-297.

R. Raghunathan and B. J. Baliga, “Role of defects in producing negative
temperature dependence of breakdown voltage in $@pl. Phys. Lett.
vol. 72, no. 24, pp. 3196-3198, 1998.

A. G. Chynoweth, “Charge multiplication phenomena,” Rfysics of
11I-V Compoundsvol. 4, Semiconductors and SemimetaldNew York:
Academic, 1968, pp. 307-325.

M. Domeij, B. Breitholtz, J. Linnros, and M. Ostling, “Reverse recovery
and avalanche injection in high-voltage SiC PIN diodes,”Mater.
Sci. Forum vol. 264-268,Silicon Carbide, lll-Nitrides, and Related
Materials H. Morkoc, G. Pensl, B. Monemar, and E. Janzen, Ed:
Switzerland: Trans. Tech, 1998, pp. 1041-1044.

W. J. Schaffer, G. H. Negley, K. G. Irvine, and J. W. Palmou
“Conductivity anisotropy in epitaxial 6H and 4H SiC,” Mater. Res.
Soc. Symp. Procvol. 339, Diamond, SiC, and Nitride Wide-Bandgap
Semiconductor<C. H. Carter, Jr., G. Gildenblatt, S. Nakamura, and R.
Nemanich, Eds. Pittsburgh, PA: Mater. Res. Soc., 1994, pp. 595-6(
K. V. Vassilevski, V. A. Dmitriev, and A. V. Zorenko, “Silicon carbide
diode operating at avalanche breakdown current density of 60 kA’cm
J. Appl. Phys.vol. 74, no. 12, pp. 7612-7614, 1993.

K. V. Vassilevski, A. V. Zorenko, and V. V. Novoshilov, “Temperature

[24]

Edmond, M. Asif Khan, R. Kaplan, and M. Rahman, Eds. Bristol,
U.K.: IOP, 1994, pp. 659-661.

P. G. Neudeck, C. Fazi, and J. D. Parsons, “Fast risetime reverse
bias pulse failures in SiC pn junction diodes,” Tinans. 3rd Int. High
Temperature Electron. ConfAlbuquerque, NM, 1996, p. XVI-15.

P. Neudeck and C. Fazi, “Nanosecond risetime pulse characterization of
SiC p*n junction diode breakdown and switching properties,Mater.

Sci. Forum vol. 264-268,Silicon Carbide, lll-Nitrides, and Related
Materials G. Pensl, H. Morkoc, B. Monemar, and E. Janzen, Eds.
Switzerland: Trans. Tech, 1998, pp. 1037-1040.

R. P. Joshi and C. Fazi, “Computer model simulation of SiC diode
reverse-bias instabilities due to deep energy impurity levelsMater.

Sci. Forum vol. 264-268,Silicon Carbide, llI-Nitrides, and Related
Materials G. Pensl, H. Morkoc, B. Monemar, and E. Janzen, Eds.
Switzerland: Trans. Tech, 1998, pp. 1033—-1036.

P. Neudeck and C. Fazi, “Positive temperature coefficient of breakdown
voltage in 4H-SiC pn junction rectifiers|EEE Electron Device Lett.

vol. 18, pp. 96-98, Mar. 1997.

Philip G. Neudeck (S'87-M'91-SM'98), for a photograph and biography,
see this issue, p. 484.

Christian Fazi received the B.S. degree in physics
in 1973 from the University of Maryland, College
Park, and the Ph.D. degree in electrical engineering
in 1989 from The Johns Hopkins University,
Baltimore, MD.

Since 1973, he has been a Researcher with the
U.S. Army Research Laboratory (originally the
Harry Diamond Labs), Adelphi, MD, and since
1990, he has also been an adjunct faculty member of
the Electrical Engineering Department at The Johns
Hopkins University. His professional interests are

dependence of avalanche breakdown voltage of pn-junctions in 6H-SiICRF-microwave CAD design, semiconductor device physics, vacuum tube,
at high current density,” innst. Phys. Conf. Ser.no. 137, Silicon and antenna technology, and his hobbies include amateur radio applications
Carbide and Related MateriglsM. G. Spencer, R. P. Devaty, J. A. involving RF and microwaves.



